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Grazing-incidence fast atom diffraction (GIFAD) is an exceptionally sensitive method for surface
analysis, which can be applied not only at room temperature but also at higher temperatures. In this
work we use the He-LiF(001) system as benchmark to study the influence of temperature on GIFAD
patterns from insulator surfaces. Our theoretical description is based on the Phonon-Surface Initial
Value Representation (P0-SIVR) approximation, which is a semiquantum approach that includes
the phonon contribution to the elastic scattering. Within the P0-SIVR approach the main features
introduced by thermal lattice vibrations on the angular distributions of scattered projectiles are
investigated as a function of the crystal temperature. We found that azimuthal and polar spectra
are strongly affected by thermal fluctuations, which modify the relative intensities and the polar
spread of the interference structures. These findings are relevant for the use of GIFAD in surface
research. Moreover, the present results are contrasted with available experimental data at room
temperature.
I. INTRODUCTION
Grazing-incidence fast atom diffraction (GIFAD or
FAD) is nowadays considered as one of the most powerful
nondestructive methods of surface analysis [1, 2]. Among
the attractive features of the GIFAD technique are its
extraordinary sensitivity to the morphological and elec-
tronic characteristics of the topmost atomic layer [3, 4]
and the wide variety of materials that are able to be an-
alyzed, which ranges from insulators [5], semiconductors
[6] and metals [7] to adsorbate-covered metal surfaces [8],
ultrathin films [9], organic-metal interfaces [10, 11], and
graphene layers [12]. In addition, even though the vast
majority of GIFAD experiments were carried out at room
temperature, GIFAD can also be applied at higher tem-
peratures, like in the case of the molecular beam epitax-
ial growth of GaAs at temperatures up to 620 ◦C, which
was monitored in real time by means of GIFAD [13]. Pre-
cisely, this article focuses on the influence of temperature
on GIFAD patterns, an effect that was scarcely studied
in the literature [14–17].
In this paper the temperature dependence of GIFAD
is analyzed by considering an insulator surface - LiF -
for which thermal lattice vibrations are expected to rep-
resent the main decoherence mechanism [18, 19]. In
particular, we investigate thermal effects on angular dis-
tributions of fast He atoms scattered off LiF(001) un-
der axial surface channeling conditions. This system has
been extensively investigated with GIFAD at room tem-
perature [16, 20–25], becoming a prototype of the GIFAD
phenomenon. However, most of the theoretical descrip-
tions were based on static crystal models [5, 6, 23, 26, 27],
with the crystal atoms at rest at their equilibrium posi-
tions, while thermal vibration effects were studied in
much less extent [14, 16, 17]. Furthermore, to our knowl-
edge there are no available results of He-LiF GIFAD at
temperatures higher than room temperature.
To investigate thermal effects on GIFAD we make use
of a recently developed semiquantum approach, named
Phonon-Surface Initial Value Representation (P-SIVR)
[28]. The P-SIVR approximation is based on the pre-
vious SIVR approach for grazing scattering from a rigid
surface [26], incorporating lattice vibrations (i.e., phonon
contributions) through a quantum description of the sur-
face given by the harmonic crystal model [29]. The P-
SIVR probability is expanded in terms of the number n
of phonons exchanged between the crystal and the pro-
jectile during the collision. It gives rise to a series of
partial Pn-SIVR probabilities involving the exchange of
n phonons, where the first-order term - P0-SIVR - cor-
responds to the elastic scattering without net phonon
exchange [28].
P0-SIVR projectile distributions for He-LiF(001) scat-
tering under a fixed incidence condition are here inves-
tigated considering temperatures T in the 250− 1000 K
range. With the goal of determining the contribution of
thermal lattice vibrations, P0-SIVR double differential
probabilities, as a function of the final azimuthal and
polar angles, are contrasted with the angular distribu-
tion for a rigid crystal, derived within the SIVR approx-
imation. Also azimuthal and polar spectra of scattered
helium atoms are separately analyzed as a function of T ,
finding different behaviors along both directions. From
polar P0-SIVR profiles for different T values, the lognor-
mal dependence on the final polar angle, proposed in Ref.
[14], is examined. Finally, the present P0-SIVR results at
room temperature are validated through the comparison
with available experimental data [24].
The article is organized as follows. The P0-SIVR ap-
proach is summarized in Sec. II, while results are pre-
sented and discussed in Sec. III. In Sec. IV we outline
our conclusions. Atomic units (a.u.) are used unless oth-
erwise stated.
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2II. THEORETICAL MODEL
Within the P0-SIVR approximation, the effective tran-
sition amplitude for atom-surface scattering with ini-
tial (final) projectile momentum Ki ( Kf ), without net
phonon exchange (i.e., with Kf = Ki ), reads [28]
A(P0−SIV R) =
∫
dRo f(Ro)
∫
dKo g(Ko)
×
∫
duo a0(Ro,Ko,uo), (1)
where the functions f and g describe the position and
momentum profiles, respectively, of the incident projec-
tile wave-packet. The function
a0(Ro,Ko,uo) =
+∞∫
0
dt |JP (t)|1/2 eiνtpi/2 Vc(Rt)
× exp [i (ϕt −Q ·Ro)] (2)
represents the partial amplitude corresponding to the
classical projectile trajectory Rt ≡ Rt(Ro,Ko,uo),
which starts at the initial time t = 0 in the position Ro
with momentum Ko. This time-dependent projectile po-
sition Rt depends on the spatial configuration uo of the
crystal at t = 0, where the underlined vector uo denotes
the 3N -dimension vector associated with the spatial dis-
placements of the N ions contained in the crystal sam-
ple, with respect to their equilibrium positions. In the
present model such crystal deviations are considered in-
variable during the collision time, which is much shorter
than the characteristic time of phonon vibrations [29].
In Eq. (2), JP (t) = det [∂Rt/∂Ko] = |JP (t)| exp(iνtpi)
is a Jacobian factor (a determinant), Q = Kf −Ki is the
projectile momentum transfer, and
ϕt =
t∫
0
dt′
[
(Kf −Kt′)2
2mP
− VPS(Rt′ ,uo)
]
(3)
is the SIVR phase at the time t [26], where mP is the pro-
jectile mass and Kt = mP dRt/dt is the classical projec-
tile momentum. The potential VPS(Rt′ ,uo) represents
the projectile-surface interaction that governs the classi-
cal projectile motion, which depends on the given spatial
configuration uo of the crystal. In this work, VPS is ob-
tained from the pairwise additive model of Ref. [30],
reading
VPS(Rt,u) =
∑
rB
vrB (Rt − rB − u(rB)) , (4)
where u(rB) denotes the spatial deviation of the crystal
atom with equilibrium position rB and the summation
on rB covers all the occupied Bravais-lattice sites. The
potential vr
B
(r) describes the binary interaction between
the projectile and the crystal ion corresponding to the
lattice site r
B
as a function of the relative vector r, with
vrB = v1 or v2 to consider the two different ions of the
crystallographic basis. Hence, in Eq. (2) the crystal fac-
tor Vc(Rt) can be expressed as
Vc(Rt) =
∫
dq
∑
rB
v˜rB(q)exp [−WrB(q)]
× exp [iq · (Rt − rB)] , (5)
with v˜rB(q) denoting the Fourier transform of vrB and
WrB(q) being the momentum-dependent Debye-Waller
function. This latter function is defined as
WrB(q) =
〈
[q · u(rB)]2
〉
/2, (6)
where the dependence on rB indicates that its value
changes for the different species of the crystallographic
basis, as well as for bulk or surface positions.
The P0-SIVR probability for scattering in the direction
of the solid angle Ωf = (θf , ϕf ) is obtained from Eq. (1)
as
dP (P0−SIV R)
dΩf
= K2f
∣∣∣A(P0−SIV R)∣∣∣2 , (7)
where θf is the final polar angle, measured with respect to
the surface, and ϕf is the azimuthal angle, measured with
respect to the axial channel. The interested reader can
find the steps and assumptions involved in the derivation
of the P0-SIVR approximation in the Appendix of Ref.
[28].
III. RESULTS
In this article 4He atoms grazingly colliding with a
LiF(001) surface along the 〈110〉 channel are used as
benchmark to investigate thermal effects on GIFAD pat-
terns. For this purpose we applied the P0-SIVR ap-
proach to evaluate final helium distributions, as given
by Eq. (7), considering different temperatures T of the
LiF sample. Temperatures are confined to the 250-1000
K range, for which a linear T - dependence of the mean-
square vibrational amplitudes of the crystal ions can be
assumed [31].
Along the work we kept a fixed incidence condition,
given by the impact energy E = K2i /(2mP ) = 1.25 keV
and the incidence angle θi = 1.1 deg. (measured with re-
spect to the surface plane). It corresponds to the normal
incidence energy E⊥ = E sin2 θi = 0.46 eV, associated
with the projectile motion perpendicular to the axial di-
rection. In our theoretical model we consider that before
impinging on the LiF surface, the atomic beam is col-
limated by a square slit of size d, placed at a distance
L from the surface [32]. Except for the experimental
comparison [Sec. III.D], the collimating parameters were
chosen as d = 0.09 mm and L = 36 cm, corresponding to
an extremely good collimating condition, in accord with
current experimental setups for GIFAD [33].
3The transition amplitude A(P0−SIV R) was calculated
from Eq. (1) by using the spatial and momentum wave-
packet profiles defined in Refs. [32, 34]. The integral on
Ro was evaluated considering that all the classical trajec-
tories start at the same distance from the surface, chosen
as equal to the lattice constant, for which the projectile
is hardly affected by the surface interaction [30]. Also
the integral on Ko was reduced to a two-dimensional in-
tegral over the solid angle Ωo = (θo, ϕo) that determines
the Ko- orientation, with Ko = Ki accounting for the
negligible energy dispersion of the incident beam [32, 35].
Within the P0-SIVR approach, thermal effects come
from the integral on uo, involved in Eq. (1), as
well as from the Debye-Waller factor exp [−WrB(q)]
which acts as an effective screening in Vc(Rt) [Eq.
(5)]. The Debye-Waller function was approximated as
WrB(q) 'q2
〈
u(rB)
2
〉
/2, while the integral on uo was
evaluated with the MonteCarlo technique by consider-
ing randomly displaced ion positions obtained from in-
dependent Gaussian distributions with mean-square vi-
brational amplitudes
〈
u(rB)
2
〉
. For the LiF crystal at a
given temperature T , the mean-square vibrational am-
plitudes
〈
u(rB)
2
〉
T
were derived from the correspond-
ing values for the reference temperature Tref = 300
K, which were extracted from Ref. [16]. Such refer-
ence values, which take into account the differences be-
tween the two ionic species and between bulk and surface
(topmost layer) sites, were then extrapolated as a func-
tion of T following the temperature dependence given
in Ref. [31]. That is, we approximate
〈
u(rB)
2
〉
T
≈
[1+B(rB)(T/Tref−1)]
〈
u(rB)
2
〉
Tref
, with B(rB) = 0.795
(0.890) for Li (F) ions.
A. Thermal effects on the (θf , ϕf ) distributions
Since GIFAD experiments involving insulator surfaces
are usually carried out at room temperature, we start
analyzing thermal effects at T = 300 K. In Fig. 1 the P0-
SIVR two-dimensional (2D) distribution as a function of
the final scattering angles θf and ϕf , for a lithium flu-
oride surface at T = 300 K, is displayed along with the
angular distribution derived within the SIVR approach,
which assumes an ideal LiF crystal with its ions at rest
at their equilibrium positions [26]. While the SIVR dis-
tribution [Fig. 1 (a)] presents nearly circular spots as-
sociated with equally ϕf - spaced Bragg maxima (with
order m, m = 0,±1,±2, ..), the phonon contribution in-
cluded in the P0-SIVR approximation transforms such
Bragg peaks into elongated strips, as shown in Fig. 1
(b). Moreover, in absence of lattice vibrations the Bragg
maxima of Fig. 1 (a) lie on a circle of radius θi (the
Laue circle), which is a sign of elastic scattering from
an ideal surface under extremely good collimating con-
ditions [32, 36]. But when thermal fluctuations of the
crystal lattice are taken into account, as it happens in
the P0-SIVR distribution of Fig. 1 (b), the maximum
intensity of some Bragg orders appears at a polar angle
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FIG. 1: (Color online) Two-dimensional projectile distribu-
tions, as a function of θf and ϕf , for 1.25 keV
4He atoms scat-
tered off LiF(001) at the temperature T = 300 K. Incidence
along the 〈110〉 channel with the grazing angle θi = 1.1 deg
is considered. Results derived within (a) the SIVR approx-
imation, for a rigid crystal, and (b) the P0-SIVR approach,
including thermal vibrations, are displayed.
slightly shifted above or below the Laue circle, as it is
usually observed in GIFAD experiments [1].
In order to investigate how the previous effects change
with the temperature, in Fig. 2 we display 2D angu-
lar distributions derived with the P0-SIVR approach for
LiF crystals at different temperatures: (a) T = 250 K,
(b) T = 400 K, and (c) T = 600 K. In every panel,
the intensity scale was normalized at the maximum in-
tensity of the GIFAD distribution, which corresponds to
the outermost peak associated with rainbow scattering.
From Fig. 2 it is evident that the azimuthal positions
of the Bragg maxima are independent of T , being com-
pletely determined by the crystallographic parameters of
the ideal surface [1]. Furthermore, the three P0-SIVR
distributions of Fig. 2 look similar to each other, display-
ing intense m = 0 (central) and m = ±2 maxima, along
with almost suppressed m = ±1, ±3 and ±6 peaks. But
in spite of this overall similitude, we found that the rel-
ative intensities as well as the polar spread of the Bragg
maxima depend on the temperature, this latter increas-
ing as T augments. Note that GIFAD structures are
clearly visible even for a temperature as high as T = 600
K, although they start to blur at this temperature. This
fact is in accord with the experiments for semiconductor
surfaces [6, 13], where GIFAD patterns were observed at
high temperatures.
For the He-LiF(001) system, GIFAD patterns gradu-
ally smudge as the temperature rises above 700 K, ending
up almost completely blurred for LiF at T = 1000 K, for
which thermal vibrations strongly deteriorate the coher-
ence, as observed in Fig. 3. Besides, the intensity of the
interference structures decreases sharply as the temper-
ature increases, which might contribute to making their
experimental detection difficult in this T - range.
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FIG. 2: (Color online) Analogous to Fig. 1 (b) for three
different temperatures: (a) T = 250 K, (b) T = 400 K, and (c)
T = 600 K. Vertical dashed lines, ideal Bragg-peak positions
with their orders m indicated in the upper axis.
A more in-depth inspection of the aforementioned ther-
mal effects along the azimuthal and polar directions is
presented in Secs. III.B and III.C, respectively.
B. Influence of T on the azimuthal spectra
Surface characterization by means of GIFAD is com-
monly based on the theory-experiment comparison of the
relative intensities of the interference maxima along the
transverse direction, perpendicular to the incidence chan-
nel [5, 6]. Therefore, to use GIFAD as a surface analysis
tool it is important to know the influence of temperature
on such transverse spectra, i.e., on the azimuthal projec-
tile distributions. In Fig. 4 we plot dP (P0−SIV R)/dϕf ,
as a function of the azimuthal angle ϕf , for temperatures
varying between 300 and 600 K. These single differential
probabilities were calculated by integrating Eq. (7) over
a reduced annulus of mean radius θi and central thickness
0.03 deg, as it is usually done to derive the experimental
projected intensities [1, 36]. In all the panels P0-SIVR re-
sults including thermal lattice fluctuations are contrasted
with the azimuthal distribution for an ideal rigid LiF
crystal, derived within the SIVR approach, normalizing
both spectra at ϕf = 0. From Fig. 4 we confirm that not
only the ϕf - positions of the Bragg peaks are indepen-
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FIG. 3: (Color online) Analogous to Fig. 1 (b) for (a) T = 700
K and (b) T = 1000 K.
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FIG. 4: (Color online) Differential probability
dP (P0−SIV R)/dϕf , as a function of the azimuthal angle
ϕf , for the case of Fig. 1 considering different crystal
temperatures: (a) T = 300 K, (b) T = 400 K, (c) T = 500
K, (d) T = 600 K. In all the panels, red solid line, P0-SIVR
probability including thermal vibrations; blue dashed line,
SIVR probability for a rigid crystal.
dent of T , but also the azimuthal widths of these maxima
are weakly affected by thermal vibrations, being mainly
determined by the number of parallel channels coherently
illuminated by the atomic beam [34, 35]. On the contrary,
the relative intensities of the Bragg peaks are strongly
affected by the lattice fluctuations, which strongly sup-
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FIG. 5: (Color online) Intensity profile of the central max-
imum at ϕf = 0, as a function of the polar angle θf , for
the case of Fig. 1, considering different temperatures: (a)
T = 300 K, (b) T = 400 K, (c) T = 500 K, and (d) T = 600
K. In all the panels, red solid line, differential probability de-
rived within the P0-SIVR approach; blue dashed line, SIVR
probability for a rigid crystal; green dot-dashed line, fitting
of P0-SIVR results by means of a lognormal distribution, as
given by Eq.(8). Vertical gray dashed line, ideal θf - position
on the Laue circle (i.e., θf = θi).
press the intensities corresponding to the m = ±1 and ±3
Bragg orders, this fact being observed for all the T val-
ues. Therefore, this suppression effect might be used to
determine the lattice vibration contribution in the stud-
ied case.
C. Influence of T on the polar profiles
An important feature introduced by the thermal vibra-
tions is the θf - dispersion of the GIFAD patterns, which
transforms the punctual spots produced by the rigid crys-
tal into vertical streaks, as observed in Fig. 1. With the
aim of analyzing the dependence on T of such a polar-
angle spread, in Fig. 5 we display the polar profile of
the central maximum, that is, the differential probability
dP (P0−SIV R)/dθf at ϕf = 0, as a function of the polar
angle θf , for the same temperatures as in Fig. 4. In
each panel, P0-SIVR results including phonon contribu-
tions are compared with the SIVR profile corresponding
to a rigid crystal. In contrast with the SIVR spectrum,
which presents a sharp peak centered at the specular re-
flection angle (i.e., θf = θi), the polar distribution de-
rived within the P0-SIVR approach shows a broad max-
imum, whose intensity decreases as T increases. This
latter effect is only partially due to the screening of the
projectile-surface interaction introduced by the Debye-
Waller factor in Eq. (5). Additionally, in Fig. 5 we
observe that the width of the P0-SIVR peak is affected
by the thermal fluctuations, showing a slight increase as
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FIG. 6: (Color online) Square width ω2 of the Gaussian dis-
tribution given by Eq. (8), as a function of the temperature.
Circles, values derived by fitting P0-SIVR results; red dashed
line, linear fitting of the present ω2 values.
the temperature augments.
Similar thermal spread of the polar angle θf was pre-
dicted by Manson et al. in Ref. [14], where the polar
profile of the GIFAD patterns was estimated as following
a lognormal distribution. In order to verify this behav-
ior, we fit the θf - profiles at ϕf = 0 derived with the
P0-SIVR approach for different T values with the log-
normal function
P(θf ) = A
ω θf
exp[
−2(ln(θf/θc))2
ω2
], (8)
where A, θc, and ω are fitting parameters that depend on
T . The resulting P(θf ) functions, displayed with green
dot-dashed lines in Fig. 5, reproduce the P0-SIVR curves
quite well, allowing as to determine the width ω of the
effective Gaussian distribution of Eq. (8) as a function
of T .
Within the lognormal model of Ref. [14], the square
width of the Gaussian distribution given by P(θf ) is ob-
tained as proportional to the mean-square vibrational
amplitude normal to the surface plane. That is, ω2
= Γ2
〈
uz
2
〉
T
, where the coefficient of proportionality Γ
coincides with the normalized slope of the projectile-
surface potential, which is assumed as V0 exp(−ΓZ) in
Ref. [14], with Z being the distance to the surface.
Then, to test this relation in Fig. 6 we plot ω2 val-
ues obtained by means of the lognormal fitting of Eq.
(8) for different temperatures T in the 250-600 K range.
Even though the points of Fig. 6 show an appreciable
dispersion, they seem to follow a linear tendency, lead-
ing to a rate Γ ≈ 0.22 A˚−1. But this Γ value is one
order of magnitude smaller than the normalized slope of
the projectile-surface potential around the turning point,
− [VPS(Z)]−1 dVPS/dZ, in contrast with the prediction
by Manson´s model [14].
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FIG. 7: (Color online) 2D projectile distribution, as a func-
tion of θf and ϕf , for the case of Fig. 1. Results derived
within (a) the SIVR approach for a rigid crystal and (b) the
P0-SIVR approximation, including thermal lattice vibrations,
both with the collimating parameters given in Sec. III.D; and
(c) experimental data extracted from Ref. [24].
D. Experimental comparison
Finally, we check the validity of present results for
the He-LiF(001) system by contrasting double differential
P0-SIVR probabilities with experimental data extracted
from Ref. [24]. In Fig. 7, 2D angular distributions as
a function of θf and ϕf , derived from the P0-SIVR and
SIVR approaches, are compared with the experimental
intensity distribution as recorded with a position sen-
sitive detector [24]. In this case, P0-SIVR and SIVR
simulations were done by assuming an atomic beam col-
limated through a square slit of size d = 0.3 mm, placed
at a distance L = 25 cm from the surface. Although
details about the collimation setup were not provided in
Ref. [24], the chosen collimating parameters agree with
those reported in other articles by the same group [35].
From Fig. 7, the P0-SIVR distribution shows a good
accord with the experimental data, both presenting a
central region with even Bragg orders much higher than
the odd ones. Instead, the relative intensities of the
Bragg peaks provided by the SIVR approximation differ
from the formers, showing a less pronounced intensity
contrast between even and odd Bragg orders around the
axial direction. In addition, in a similar fashion to Fig.
1, the effect of thermal fluctuations gives rise to an in-
crease of the polar spread of the P0-SIVR patterns, with
respect to that of the SIVR distribution. However, note
that the P0-SIVR distribution [Fig. 7 (b)] has a smaller
θf - dispersion than the experiment [Fig. 7 (c)]. It sug-
gests that the experimental polar spread might have ad-
ditional contributions due to inelastic processes involving
phonon transitions or crystal defects, both mechanisms
not included in the present model.
IV. CONCLUSIONS
In this work the influence of temperature on GIFAD
patterns for the He-LiF(001) system has been studied
by using the P0-SIVR approximation. The P0-SIVR ap-
proach is a semiquantum method that describes zero-
phonon scattering including the contribution of thermal
lattice vibrations. These thermal vibrations were found
responsible for the polar spread of the diffraction pat-
terns, which transforms the sharp Bragg maxima pro-
duced by the rigid crystal into vertical streaks. Further-
more, P0-SIVR spectra as a function of the azimuthal
angle vary with the temperature, which strongly modi-
fies the relative intensity of the diffraction maxima, while
the azimuthal width of the peaks is slightly affected by
the thermal lattice fluctuations. As it happens for semi-
conductor surfaces, well defined GIFAD patterns are ob-
tained for temperatures as high as 600 K. In addition, by
analyzing the polar profile of the central Bragg maximum
as a function of T , the lognormal behavior proposed in
Ref. [14] was also scrutinized. We found that the square
width ω2 of the effective lognormal distribution roughly
increases linearly with the crystal temperature, but the
slope is much lower than that estimated in Ref. [14] from
a simple potential model.
Present P0-SIVR results were contrasted with the ex-
perimental projectile distribution from Ref. [24], show-
ing an overall good agreement. Nevertheless, the polar
extension of the P0-SIVR pattern underestimates that of
the experiment, suggesting that other effects, like phonon
excitations or surface defects, might contribute to the po-
lar dispersion of GIFAD patterns at room temperature.
Therefore, an exhaustive experimental study of the T
dependence of GIFAD from insulator surfaces should be
desirable.
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